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Small Satellite Rendezvous Using Differential Lift and Drag

M. Horsleyl, S. Nikolaev?, and A. Pertica’
Lawrence Livermore National Laboratory, Livermore, CA, 94550

The potential benefits of using small satellites are expected to increase if they are
operated in groups to form ‘virtual’ satellites, which have the same functionality of a much
larger satellite, but at a fraction of the cost. Unfortunately, due to third body gravitational
forces, solar radiation pressure, and other perturbing forces, the satellites will drift apart if
no control mechanism is employed to maintain the formation. This work describes a passive
technique that uses the differential aerodynamic forces experienced by two spacecraft to
exert a modest amount of control over their relative motion. Each spacecraft is assumed to
possess a simple flat plate, which can be oriented to produce aerodynamic lift and drag. A
control law is developed that allows the relative positions of the satellites to be controlled by
adjusting the orientations of the plates. A simulation of a group of 2 small satellites will be

performed to demonstrate the effectiveness of the method.

Nomenclature
A = surface area of flat plate
Qi drag = ~magnitude of accelerations due to lift, drag
CLp = coefficients of lift, drag
e = time varying eccentricity of harmonic oscillator motion
m = spacecraft mass
t = time
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Ucy,, = control variables in x, y and z directions

v = velocity of spacecraft
v = spacecraft velocity unit vector
x,y,z = position coordinates of chaser in local-vertical/local-horizontal
n = normal vector of flat plate
y,l = direction cosines
... = velocity of the incident molecules
v, = velocity of the reemitted molecules
R = universal gas constant
T, = temperature of the incident molecule
M, = meanmolecular mass of the atmosphere
T, = temperature of the ambient atmosphere
S = molecular speed ratio
a,.., = accommodation coefficient
Q)] = target’s circular orbit angular velocity
o} = atmospheric density
X,y = average position of chaser satellite
o, B = auxiliary variables describing difference between instantaneous and average position
Fio7 = 10.7 cm solar radio flux index
A, = geomagnetic activity index

I. Introduction
This paper describes a method for controlling the relative positions of a pair of small satellites using the

differential aerodynamic forces experienced by the satellites in Low Earth Orbit (LEO). Small satellites are quickly



gaining in popularity for scientific [1-3], commercial [4, 5] and military applications [6], primarily due to the
significant cost advantages when compared to larger satellites. Small satellites are inexpensive to produce and
launch and are capable of performing many of the functions traditionally done by much larger satellites. A number
of papers have advocated flying a group of small satellites in formation, which should make it possible to improve
performance greatly (e.g. [7-9]). However, this requires the capability of assembling the group of satellites into a
formation, and then maintaining the formation for the duration of the mission. In principle, on-orbit assembly and
formation keeping can be performed using rocket engines. In the case of small satellites (e.g. CubeSats), this is
proving to be difficult due to the challenge of designing propulsion systems that conform to the stringent mass,
volume and power budgets characteristic of small satellites, see [10] for an excellent review. In addition, one of the
cost saving advantages of small satellites is the possibility of ridesharing, i.e. taking advantage of the spare capacity
available in a typical space launch. However, this usually requires the permission of the owners of the primary
satellites being lifted into orbit. This permission is unlikely in cases where the small satellite introduces additional
risk, such as is the case when a rocket engine is part of the small satellite’s design.

Instead of relying on a rocket for propulsion, other forces can be used to provide control over the relative motion
of the satellites. Techniques using aerodynamic drag and lift have been developed for performing aeroassisted
orbital maneuvers such as aerobraking and performing plane changes, see [11, 12] for examples. These techniques
typically rely on satellites with highly elliptical orbits which have perigees in the upper atmosphere. At these
altitudes, the satellite’s speed and atmospheric density are great enough to generate drag- and lift-induced
accelerations that are sufficient for performing aerobraking / plane changes within a short period of time (i.e. a few
orbital periods). In principle, these same forces can be used to perform maneuvers at higher altitudes, using satellites
having circular orbits. In [13-15] techniques are studied to provide control over the relative motion of two or more
satellites by taking advantage of the difference in drag experienced by the satellites. A serious drawback to using
differential drag is that it only allows control over the relative motion in the orbital plane of the target spacecraft.
Out-of-plane motion cannot be controlled using differential drag [13]. However, aerodynamic lift acts in a direction
orthogonal to drag and offers the potential of controlling the motion in the out-of-plane direction. Thus, by
combining the actions of differential drag and lift, it should be possible to perform formation flying maneuvers in all

three translational degrees of freedom.



Generally, aerodynamic lift is much weaker than drag, which will limit its applicability to controlling the relative
motion of a group of CubeSats to lower altitudes where the atmospheric density is sufficiently large. Practically, the
relative accelerations induced by lift are small, and thus it is likely the most benefit will come from using lift and
drag together to rendezvous or to maintain a formation of small satellites that are already close together. Using lift
alone to perform on-orbit assembly is possible, though may be impractical due to relatively large maneuver
distances and an excessive amount of time to complete the necessary maneuvers.

The paper is organized in the following manner. Section II will introduce aerodynamic force models appropriate
for satellites in Low Earth Orbit (LEO) and discuss the effect of acrodynamic lift at these altitudes. Section III will
discuss the equations of motion governing the relative motions of a pair of LEO satellites. A simple control law for
controlling the relative position and velocities of two small satellites in all three dimensions using differential lift
and drag is developed and demonstrated in section I'V. Finally, the last section offers a short discussion on the merits
of using differential lift to control the out-of-plane motion of a pair of small, LEO satellites flying in formation.

The main contribution of this paper is a description of a control algorithm that utilizes both aerodynamic lift and
drag in order to control the relative spacing of two spacecraft in all three dimensions. This is significant because the
only other viable option is to use a rocket engine, which is costly, reduces the available power and payload, and
increases mission risk. We first reported the use of lift to control the motion in the out-of-plane direction in a
previous work [16]. Here, we extend this method and demonstrate the use of lift and its benefits for controlling the

relative in-plane and out-of-plane motions.

II. Aerodynamic Forces at Orbital Altitudes

In general, an object traveling through the Earth’s atmosphere will experience aerodynamic forces that can be
decomposed into two terms, drag and lift. Drag acts in the opposite direction of the velocity relative to the
atmosphere, and lift acts in a direction which depends on the orientation of the spacecraft and is perpendicular to
drag. In most cases involving LEO satellites, drag will tend to dominate (see [17], [18]). In fact, in most practical
cases lift will be negligible. There are a number of reasons for this. First, satellites that are spinning/tumbling tend to
have the effect of aerodynamic lift cancel out, yielding negligible effect on the orbit. Also, satellites with certain

symmetrical shapes will tend to have the effect of the aerodynamic lift force cancel out. However, as pointed out in



[18], satellites that have stabilized attitudes may be subjected to a steady or periodic lift, leading to measurable
effects on the orbit. By arranging for a large, flat stabilized surface (i.e. a plate) to be exposed to the atmosphere, it is
possible to generate a small amount of lift acting on the satellite in a controllable fashion. For two LEO satellites in
close proximity, it should be possible to control the relative acceleration in the out-of-plane direction by controlling
the relative orientations of the plates. This approach differs from previous treatments of this problem, where the
plates were arranged in such a way that only a differential drag force was generated [13-15].

There are a number of papers dealing with the effects of aerodynamic lift at orbital altitudes, see [18-20].
Nevertheless, lift at LEO altitudes is generally considered to be zero, or nearly zero, for the reasons given above.
Because of this, a brief review of aerodynamic lift (and drag) at LEO altitudes will be given, followed by a detailed
calculation of the lift (and drag) expected for a flat plate deployed by a small satellite.

The plate is assumed to be much larger than the body of the satellite, and hence any drag and lift caused by the
satellite body will be neglected. For example, the plate could be a large solar array, or a structure created
specifically for maneuvering purposes. The plate can be oriented in various ways by one or both satellites in order to
generate a positive or negative relative acceleration. The aerodynamic drag and lift forces experienced by a flat plate

can be represented by Egs. (1a) and (1b)

= =—- | | (1a)
= =—- | | (1b)
where agr, is the acceleration caused by the drag acting in the direction opposite of V , i is the acceleration caused
by lift acting in the (\A/ x ﬁ)x v direction, 7 is the unit normal vector of the satellite plate, A is the total area of the
plate, p is the atmospheric density, 772is the mass of the satellite, V is the velocity of the satellite with respect to

the atmosphere, and C,, and C, are the coefficients of drag and lift, respectively. Here we are assuming v to be

equal to the satellite’s inertial velocity, and in effect we are neglecting the component of the atmospheric velocity
that co-rotates with the earth. The coefficients of drag and lift are used to represent the effect of momentum transfer
between the satellite and the surrounding atmosphere. The coefficients depend on the satellite shape and orientation,
flow conditions and surface chemistry effects. Given the fact that lift at LEO altitudes is usually neglected, we will

use a physics-based model in order to obtain a reasonable estimate of the lift and drag coefficients. At LEO altitudes



where the mean free path of a gas molecule is much larger than the size of the satellite, the coefficients of drag and
lift can be computed exactly for cases involving simple shapes, like spheres, cylinders and flat plates. We will use
the model described in [21] to compute the drag and lift coefficients, which is based on Sentman’s treatment of lift

and drag in free molecular flow conditions [22, 23] (with modifications due to Moe [24] in order to account for the

effect of the accommodation coefficient, o ). The accommodation coefficient is a parameter that is used to

accom

capture some of the important aspects of the surface chemistry effects. In a sense, describes how much

accom ’

memory the gas molecule retains of its initial velocity after its interaction with the satellite surface. Values of

o can vary from O to 1, and is approximately 0.9 at altitudes of 300 km [25]. Values of 1 indicate complete

accom
accommodation, meaning the emitted particle has a kinetic energy that has completely adjusted to the thermal
energy of the surface. A number of papers review accommodation at orbital altitudes and the effects on satellites

(see [24, 25] and references contained therein).

satellite orbit /

Figure 1. LVLH coordinate system.

At this point the Local Vertical Local Horizontal (LVLH) coordinate system will be introduced. We will assume the
target satellite is moving in a circular orbit. The x axis points in the direction of the ray from the center of the Earth
to the origin of the system (which moves in a circular orbit), the y axis is along the orbital track, and the z axis
completes the right-hand Cartesian coordinate system. Following the treatment in [21], the coefficients of lift and

drag for a one-sided flat plate in free molecular flow conditions are represented by Eqgs. (2a) and (2b)

=—+ +— Vv o+ (2a)



= +— v+ (2b)

WherePZe , O=1+—
2s

In (2a) and (2b), y refers to the cosine of the angle between v and the surface normal 71 , while / refers to the cosine

of the angle between (\7 x ﬁ)x v and the surface normal, V, is the velocity of the incident molecules, Vis the

velocity of the reemitted molecules, R is the universal gas constant, 7 _is the temperature of the incident molecules
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(3R) , M, is the mean molecular mass of the atmosphere, 7 is the temperature of the ambient

atmosphere, S is the molecular speed ratio, s =V, /+/2RT /M . In principle, contributions from the front and
p p mc a a p p

back sides of the plate should be taken into account when computing the coefficients of lift and drag. However, as
pointed out in [26], for sufficiently high values of the speed ratio (  2), the contribution from the back side is
negligible. For LEO altitudes, this condition is satisfied and any contribution from the back side of the plate will be
neglected for simplicity.

Using 0,ccom, the velocity of the re-emitted molecule relative to its incident velocity can be expressed as,

T,

= 2 I+a,,,, (i - IJ (3)
3 inc
where Ty, is the surface temperature of the plate. The semi-empirical model described in [27] will be used to
estimate the accommodation coefficient as input in Eq. (3). According to [27], the accommodation coefficient is
related to the concentration of atomic oxygen at the altitude of the satellites, which is correlated with the Sun’s
effect on the Earth’s atmosphere. The F,o7 and A, indices are typically used to characterize solar and geomagnetic
activity (see [28] for an excellent review). The coefficients of lift and drag as a function of the angle of attack for a
flat plate are computed using Egs. (2a) and (2b), and shown in Fig. 2a, for an altitude of 350 km. The ratio of lift-to-

drag at an angle of attack of 45 degrees is shown as a function of altitude in Fig. 2b. Based on the accommodation



model [27] and atmospheric parameters obtained from the NRLMSISE-00 model [29], the lift-to-drag ratio for a flat
plate with a 45 degree angle of attack is predicted to vary from 0.09 — 0.17 at an altitude of 350 km. The ratio is
predicted to increase as the altitude increases.

Flat Plate Lift, Drag Predictions, alt. = 350 km Flat Plate Lift/Drag Prediction
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Figure 2. (a) Flat plate predictions of lift and drag at 350 km, F,o; =150, A, = 5. (b) The ratio of lift-to-drag
for a fixed orientation is shown as a function of altitude for low, moderate and high levels of solar activity.

In order to generate differential accelerations between the target and chaser satellites, it will be necessary for the
chaser satellite to arrange for its plate to have a certain orientation relative to the target satellite’s plate. This can be
done in a simple fashion by fixing a flat control plate to the satellite in a rigid manner and commanding the
spacecraft to adopt an attitude such that the desired angle of attack of the plate with respect to the atmosphere is
achieved. For simplicity, it will be assumed that the flat plate is square and is centered over the satellite’s center of
mass. For the idealized satellite discussed here, this configuration will not generate any net torques that would act to
rotate the satellite. In practice, it can be expected that finite torques will be generated due to an imperfect
manufacturing process used in constructing the small satellite. In order for the satellite to maintain the necessary
angle of attack for the duration of the maneuver, we assume that any torques arising due to the imperfect
construction will be compensated for by the satellite.

Thus, for this paper, we will assume that both satellites have an identical construction, and that each satellite is
equipped with a large flat plate that can be positioned in one of 6 orientations and maintained in that orientation
indefinitely (see Fig. 3). In order to generate a differential acceleration in the y direction, the target and chaser

satellite will have to adopt similar lift and different drag profiles, as in Fig. 3, middle panel. In order to generate a



positive relative acceleration, the chaser satellite will maximize its drag while the target satellite will minimize its
drag profile. Both satellites will maintain identical lift profiles. Generating a negative relative acceleration in the y
direction is obtained when the target satellite maximizes its drag while the chaser satellite minimizes its drag profile.
Changing the relative orientations of the two satellite’s flat plates in this manner can be used to generate positive and
negative accelerations in the y direction. No accelerations are generated in the x or z directions, because of the
assumption of similar lift profiles.

In order to generate relative accelerations in the x direction, the satellites will have to adopt similar drag profiles,
but different lift profiles. A simple approach is to require the two spacecraft to acquire similar angles of attack in the
x-direction, but with opposite signs. For example, if it is desired to generate a positive relative acceleration in the x-
direction, the chaser spacecraft will adopt an orientation as shown in the lower left panel of Fig. 3, where the
outward pointing normal vector n; of its flat plate is n; = [-0.707 0.707 0] and the outward normal vector n, of the
target spacecraft is n, = [0.707 0.707 0]. Generating negative relative accelerations is accomplished by reversing the

signs of the x-components of the two normal vectors. Relative accelerations in the z-direction can be obtained in a

similar manner.

A
z

Positive relative X acceleration Positive relative Y acceleration
(Zero relative Y,Z acceleration) (Zero relative X,Z acceleration)

Positive relative Z acceleration
(Zerorelative X,Y acceleration)

Negative relative X acceleration
(Zerorelative Y,Z acceleration)

Orbital
Velocity
—_—>

x>

Negative relative Y acceleration
(Zerorelative X,Z acceleration)

Negative relative Z acceleration

T \ (Zerorelative X,Y acceleration)

Figure 3. Relative orientations of spacecraft and resulting differential accelerations in the X, Y and Z
directions. The middle panel was made with a slightly different orientation than the other panels, where the x
axis is pointing straight out of the paper in order to better illustrate the orientation of the plate for each
satellite.




III. Equations of Motion

The relative motion between two objects orbiting the Earth can be described in the classical LVLH coordinate
system (see Fig. 1). In this coordinate system, the motion of the chaser satellite relative to the target satellite can be

described using the Hill-Clohessy-Wiltshire equations:

¥-20y-30'x=u, (3a)
j+20i=u, (3b)
P’z =u, (3e)

where is the orbital angular velocity of the target satellite, uy, uy, u, are the relative accelerations due to the effect
of lift and drag, and it is assumed the target satellite is in a circular orbit. The atmospheric density and
accommodation coefficient will both be assumed to be constant for the duration of the maneuver. For simplicity, it
will be assumed that when a differential acceleration, u, is applied that it will be in a single direction at a time, and

that the possible values of the acceleration are fixed, u = a, 0, or —a. In the case where a differential acceleration is
applied in the x direction, uy =u, = 0, and uy= — a;;, 0, or @, . The value of a can be computed from Egs. (1) -

(3). An example will be given for illustration. Assume the mass of the spacecraft is 10 kg, the area of the flat plate
is 1 m?, and at an altitude of 350 km each spacecraft will have a velocity of approximately 7.697 km/s. The mean
atmospheric density at this altitude is 6.98x10™" kg/m3 [30]. Assuming Fyo7 = 150, and A, = 5, the magnitude of the
coefficient of lift for a flat plate at an angle of attack of 45 degrees is 0.25. The acceleration experienced by a
single spacecraft can be computed using Eq. (1). Since the orientations of two spacecraft are controlled such that

their lift coefficients are equal in magnitude but opposite in sign, the differential acceleration is twice that computed

using Eq. (1), yieldinga,, =1.03x 10°° m/s2 . The case where a differential acceleration is generated in the z

ift
direction can be handled in a similar manner, uy, = u, =0, and u, = —a;;, 0, or @;;, and @, will have the same

value as in the x case. When a differential acceleration is desired in the y direction, we have u, = u, = 0, and u, =

s 2
~ Qg » 0,00 Ay and a,,, ~5.15x10 m/S .



As is evident from Eq. (3), the motion in the x and y plane is coupled, and the motion in the z direction is
independent of x or y. As described in section 2, differential accelerations can be generated by controlling the
relative orientations of the flat plates attached to both spacecraft. The problem of controlling the motion in the x and
y plane using only differential drag was first solved in [13]. Using differential drag alone results in differential
accelerations in the y direction, which limits the effect of control to the x-y plane. We will now show how control

can be extended to all three dimensions by exploiting the effect of differential lift as well as that of drag.

A. In-plane Motion

In order to demonstrate how control can be established, the approach used in [14] will be followed. The unforced
solution can be described in the (x, y) plane and z-direction separately. In the (x, y) plane, the motion of the chaser
relative to the target satellite will lie along a 2x1 ellipse. The average position of the chaser satellite will not change

in the radial direction, but will drift in the along-track direction. The average position can be expressed as:

X=4x+2y/w (4a)

y=y-2io. (4b)

In [13], an algorithm was described for controlling the location and size of the relative motion ellipse. Two auxiliary
variables were introduced, o and B, to describe the difference between the instantaneous and average position

variables

a=-3x-2yp/lo=x-Xx (5a)

B=2%o=y-y. (5b)

The eccentricity of the relative motion ellipse is given by € =4/ Q 24 (,B / 2)2 , not to be confused with the orbital

eccentricity.



In the case where control is exerted in the y-direction, ux = u, = 0, and uy = —d,,,, 0, or @, and the

transformation leads to a set of second-order, differential equations,

; = _3adrag (621)

B+o’B=4a,,,. (6b)

This transformation essentially reduces the relative motion to that of a double integrator, Eq. (6a), and a harmonic

oscillator, Eq. (6b). The forced solutions can be solved analytically, see [13], and are:

X(6)=x,+2a,,t/o (7a)
y(t) = yO - 30)‘%0 t/2 - 3adrag t2/2 (7b)
2
a(t)= a, cos(ot)+ (& - ad;”g Jsin(a)t) (7c)
2 )
2 2

b (t)= (& - L;“gJ cos(wt)—a, sin(w?) + L;“g. (7d)

2 2 Q) ()

Egs. (7a-d) describe the motion in the case where differential drag is used to control the formation. A similar set of

equations can be derived for the case where differential lift is used, and the differential drag is zero. Here, the force
is exerted in the x-direction, uy =u, = 0, and ux= —a,,, 0, or @, and the transformation leads to a set of second-

order, differential equations:

x=0 (8a)

d+o’o=a,. (8b)



The forced solutions are

x(t) =%, (9a)

¥(t)=5, -30x,t/2-2a,,t /o (9b)

o (t) = (Oto - aLZJ COS(a)t) + By sin (a)t) + aﬁg’ (9¢)
0] 2 0]

L (t)= by cos(w?)— (ao - aﬁg’ Jsin (o1). (9d)
2 2 )

In the case where differential drag is used to effect control over the satellite formation, Egs. (7a-b) describe the
motion of the center of the ellipse. The motion is along one of a family of parabolas, as shown in Fig. (4a). Positive
differential drag results in motion along one of the solid curves, and negative differential drag results in motion

along one of the dashed parabolas. In cases where differential lift is used instead of drag, the state travels along a

straight line parallel with the ) axis. The rate will depend on the values of X, and @ life -

In the (a, B ) plane, the motion is periodic. In Fig. (4b), &t and [3/2 are plotted for the case where
differential drag is used (i.e. u;, = u, = 0) for a variety of initial conditions. The motion is circular, with the centers

located on thea = 0 line and displaced along the 3 direction by an amount that depends on the value of @, .

The radius arm has a magnitude € and rotates at an angular rate @ . In Fig. (4c), the motion is plotted for the case

where differential lift is used (i.e. uy = u, = 0). While the motion is circular, as is the case with drag, there are a

number of differences. First, the centers are located along the 8 =0 line, and are displaced in the @ direction by

an amount that depends on the value of @, . Second, the magnitude of the displacement is reduced by a factor of 2

as compared to what is obtained in the case where drag is used to generate the differential accelerations. In all of
these cases, no accelerations were present in the z direction, and hence the z motion corresponds to the unforced,

oscillatory solution of Eq. (3¢). The case where acceleration is present in the z direction will be discussed next.
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Figure 4. Control trajectories in the (a) X , ) and (b, ¢c)a, 3 planes. (a) and (b) corresponds to cases where

differential drag is applied (no lift). (c) depicts the case where differential lift is applied (no drag). Positive
(negative) accelerations indicated by solid (dashed) lines.

B. Out-of-Plane Motion

Positive and negative differential accelerations in the z direction are generated by controlling the relative
orientations as shown in the right-most diagram in Fig. 3. The solution to Eq. (3c) can be shown by direct

substitution to be

Z(t): Zy — al;";’ cos(a) t)+ 2—0Sin(w l‘)+ ali/;t
Q] ) o

(10)

where z,and Z;are the initial conditions, and @, can take on positive and negative values, as well as zero (i.e.

coasting). The relative velocity, Z , is the time derivative of z . Scaling the relative velocity by 1/  , the state moves

z . : : a,
along a circle in the [z,—jplane, see Fig. 5. The circles will be centered at | = hg ,0 | for cases where a
(0] (0]

relative acceleration is present, or centered at the origin in cases where the two spacecraft are coasting.
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Figure 5. Control trajectories in the z, z'/ o plane. Positive (negative) accelerations indicated by solid
(dashed) lines.

IV. Control

This section will describe how the analytical solutions developed in section 3 can be used in controlling the
relative separation of two spacecraft in all three dimensions. Similar to the approaches described in [13] and [15],
we will consider a control law consisting of a sequence of coasting, lift and/or drag accelerations. The strategy
adopted here has two main parts. The first part, called the in-plane controller, deals with controlling the motion in
the (x, y) plane. The second part, called the out-of-plane controller, deals with the motion in the z direction.
Dealing separately with the in-plane and out-of-plane motions was done for the sake of simplicity, and was
motivated by the decoupled nature of the motion. The in-plane controller shares similarities and differences with the
orbit stabilization controller described in [13], where a two-phase maneuver was developed for rendezvous between
two spacecraft using differential drag. The first phase, called the main control law, is designed to drive X and y to
the origin while attempting to minimize the eccentricity. The second phase minimizes any remaining eccentricity.
The in-plane controller developed in this paper is similar in the sense that it has two main parts designed to first
drive X and y to the origin and then second, minimizes the eccentricity. However, what is new is the use of lift and
drag in the control law used to minimize the eccentricity. Using lift and drag together can improve the performance

when compared to the case where drag is used exclusively.



A. In-plane Controller — Phase 1

For simplicity, the first phase of the in-plane controller is identical to the main control law described in [14],
where only drag is used to effect control over the relative position. Because of this, only a brief description will be
given. The goal is to move the state towards one of the two switch curves, S1 or S2 in Fig. 4 a). If the initial state is
in either the B or C quadrants, then the appropriate sign of the drag acceleration is chosen in order to move the state
along a parabola towards the switch curve. The control is switched to ensure the sign of the differential drag
acceleration has the same sign as @ . This results in the eccentricity steadily decreasing as the maneuver develops.
Because @ moves in a harmonic fashion, this will occur exactly twice each orbit, and results in a distinctive saw

tooth motion in the ()? , y) plane. Once the state reaches the switch curve, the control that brings the state to the

origin is exercised. Any remaining eccentricity will be eliminated in the second phase of the In-plane controller.

The phase 1 In-plane controller just described uses drag accelerations only. Augmenting drag-only control in
()? R )7)-plane with lift-based maneuvers can help reduce the total maneuver time, by using horizontal trajectory

segment to arrive to the switching curve sooner. Schematically, this case is similar to moving along the base of an
isosceles triangle instead of following the trajectory along the sides. Due to the smallness of the lift acceleration, the

improvement is modest, at the level of a few percent. In addition, lift+drag maneuvering is more efficient than pure
drag for the small offsets from the origin in ()? , y) -plane, which makes lift maneuvers particularly suitable for e.g.

formation flying.

B. In-plane Controller — Phase 2

In order to zero out the relative separation of the two spacecraft in the (a , /3) plane, it will be necessary to
execute a series of coasting, differential lift and/or drag maneuvers. However, this will affect the relative motion in
the ()? R f) plane. A sequence of maneuvers can be constructed that guarantees the relative separation in the ()? R f)

plane remains zero at the end of the Phase 2 maneuvers. There are a large number of maneuver sequences one can

choose from that satisfy this requirement, with varying levels of complexity. In [15], a sequence of 4 maneuvers is

constructed that zeroes out the relative separation in the (a, ﬁ) and ()?,)7) planes. Assuming the relative

separation in the ()? , f) has already been eliminated (as done in phase 1), the sequence consists of a coasting period



of't,, seconds, an application of differential drag for t4 seconds, followed by an application of differential drag of the
opposite sign for 2ty seconds, and then finishes with a period of differential drag applied for t4 seconds.

A new sequence of 3 differential lift maneuvers will now be described which zeroes out the relative separation in
the (a , /3) and ()?, y) planes. When constructing this sequence of maneuvers, we will adopt the strategy

described in [15], which starts at the origin, and propagating backwards in time, solves for the times required to

arrive at the initial point. Based on Egs. (9a) and (9b), it is clear that when starting at the origin, forced motion
under differential lift in the ()? , )7) plane lies along the ) axis, see Fig. 6a. The maneuver sequence starts with the

application of a differential lift acceleration of arbitrary sign for t; seconds, reversing the acceleration and applying
it for t, seconds, and then reversing the acceleration again and applying it for t; seconds. Determining the sign of the
first differential lift acceleration (hence determining the remaining signs) will be described near the end of this

section.

In order to guarantee ()? R y) remains at the origin at the end of the maneuver sequence, it is sufficient that t, = t;
+ t;. This differs from the drag-only case, Fig. 6b, where forced motion in the ()? , y) plane lies along a parabola. In

the drag-only case, the symmetry in the ()? R )7) plane requires the travel times for the first and third drag maneuvers
to be identical, t; = t; = t4, and the duration of the middle maneuver has to be twice that of the first (or third)

maneuver, t, = 2t4, in order to guarantee the relative separation in the ()? R y) plane remains zero at the end of the

sequence. Thus there is only a single free parameter, t,, to use in the control. However, since both ¢ and  have

to be zeroed out, it will require in general two free parameters for control. The second control parameter can be

obtained by introducing a coast period lasting for t,, seconds. In order to maintain the relative separation in the
()? , f) plane to be at the origin, the coast phase is executed before the sequence of drag maneuvers occurs.

When considering a sequence of three differential lift maneuvers, the symmetry constraint is much weaker, and
only requires that the duration of the second maneuver is equal to the sum of the first and last maneuvers, t, =t; + t3,
see Fig.6a. No coasting period is required, which is a significant advantage. Instead of having to wait a period of
time t,, before initializing the sequence of differential drag maneuvers, control can be executed immediately using
differential lift. The equations used to determine the control times t; and t; are derived in the following fashion.

Starting at the origin, Eqs. (9¢c) and (9d) are used to compute the location after —t; seconds. The results of this



calculation are then used as the initial conditions, the sign of the acceleration is reversed and Egs. (9¢) and (9d) are
again used to compute the location after —t, = — (t; + t;) seconds. Finally, the sign of the acceleration is reversed
for the last time and the location is computed based on a period of —t; seconds, using the results of the previous

calculations as the starting conditions. The equations corresponding to the computed & and f3 are set equal to the

a?" and B hasel achieved at the end of the Phase 1, and after some manipulations yields

0=2 ( +2 )= (@2 +2 )Y-2 ( )——— (11)

0=2 ( +2 )— (2 +2 )—2 ( )+1- — (12)

The Egs. (11) and (12) must be solved numerically for ¢; and ¢#;, subject to the constraints [0,2—1,
[0,2—~"]. The sign of the initial acceleration is determined by solving ~ and  for both sequences of maneuvers

(+/-/+ and -/+/-) and selecting the maneuver sequence which yields the minimum total maneuver time.
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Figure 6. Control trajectories for phase 2 in-plane controller in the ()? R y) plane. (a) Differential lift-based

maneuvers for two different sequences. The left hand side of the plot shows the (-/+/-) sequence, and the right
hand side of the plot shows the opposite case, (trajectories are slightly offset along X-axis for clarity); (b)
Differential drag-based maneuvers for two different sequences. The top part of the plot shows the (-/+/-)
sequence, and the bottom portion of the plot shows the opposite case. For a) and b), solid lines indicate
positive acceleration, and the dashed lines indicate negative acceleration.



C. Out-of-plane Controller
A simple control algorithm will be presented that can be used to zero out the relative position and velocity

between two small spacecraft in the z dimension. Since the out-of-plane motion is decoupled from the in-plane
motion, no special precautions will have to be taken to ensure the solution obtained in the ()T , )7)and (a ,B ) planes

remain unperturbed for the duration of the out-of-plane maneuver.

Imagine a point in the upper left corner of Fig. 5 (negative relative position and positive relative velocity). If the
relative velocity could be controlled to be zero, the point would be located at (— AZO,O). Next, the relative

orientations of the two spacecraft would be commanded to generate a net negative acceleration in the z direction. In
this case the motion would be along one of the dashed-line circles. This acceleration would be maintained for

exactly %2 an orbital period, where once again the relative velocity would be zero. However, the point is now at
(AZO —2a i / o’ ,O), a little closer to the origin. The spacecraft are now commanded to reverse the relative
acceleration, and thus will travel along one of the solid-line circles. After exactly '4 an orbital period, the point will

be located at (— Az, +4a lif / o’ ,0). In a single orbital period, the relative separation between the two spacecraft

will have shrunk by an amount4a lif / ®” . This process is continued until the relative position and velocity
between the spacecraft is zeroed out. For arbitrary cases, it will be necessary to command the spacecraft to a point
where the relative velocity is zero and the relative separation is an integer multiple of 4a lif / ®* . This can be

accomplished by constructing a maneuver sequence consisting of a coasting period followed by an application of
differential lift in the z direction for a period of time T, and then reversing the acceleration for an identical amount

of time. In order to handle arbitrary cases, the following algorithm is presented.

Phase 3 Algorithm

Step 1: Coast for T; seconds
Step 2: Apply acceleration for T, seconds

Step 3: Reverse acceleration, apply for T, seconds



Step 4: Execute N times:
Reverse acceleration, apply for Y5 orbital period
Reverse acceleration, apply for 2 orbital period.

The initial coast time, T}, intermediate time T,, and the number of iterations N can be found by starting at the
origin and working backwards. In principle the sequence of signs for the accelerations should be chosen to minimize
the total travel time. However, the total travel time is dominated by step 4, and so the initial sign of the acceleration
was arbitrarily chosen to be positive. This makes the algorithm suboptimal, but only by a small amount. The number

of iterations, N, is found by computing the integer that is equal to or less than the initial radius
R, = Zg + (z/a)) , divided by the amount the relative separation decreases in a single orbital period,

N <R, / (4a i / »° ) After N iterations, the relative position and velocity will be (Z',O), and the radius will be
R'. Since the initial sign in the sequence of accelerations was arbitrarily chosen to be positive; this then determines
the initial sign of the acceleration in step 2. The time T, is found by numerically solving for the time required to

bring the radius R'to R, , where T, is the travel time allowed for each section of the two part maneuver (steps 2 and
g 0 p p

3 in the above algorithm). At this point in time, the relative position and velocity will be (Z", z ") which will be at

the same radius as the initial starting point. The remaining step required is to coast for a time T} , the value of which

is found numerically.

D. Control Example
An example maneuver using the In-plane and Out-of-plane controllers described above will be given in this section.
For this example, two small satellites will be controlled to rendezvous. The satellites will be modeled as described in

section III, each having a mass of 10 kg and a 1 m” plate that can be oriented in one of 6 ways. For simplicity, we
g g p

use  =0.001144, and choose values for the lift and drag accelerations of a,,, =5x107° m/ s and

Ay = 1x10°m / s° , which are similar to the values predicted in section III. The initial conditions describing the

separation in Cartesian coordinates (meters and meters/second) are summarized in table 1.



Table 1 Initial conditions for example.

18.15 -678.16 | 31.07 -0.26 0.02 0.27

The relative separation of the two spacecraft is shown in Fig. 7 for Phase 1. The goal of Phase 1 is to zero out X and
¥y (left panel Fig. 7). The maneuver starts at the point denoted with a square symbol, where a negative differential

drag is applied (i.e. in the y direction) for 2723.38 seconds. At this point, denoted with a circle symbol, a positive

differential drag is applied for 1482.39 seconds. At the end of this sequence of maneuvers, the separation in the

()? R y) plane has been zeroed out. The Phase 1 maneuver, using differential drag only, required a total of 4205.77

seconds. The application of differential drag affected the relative motion in the (a ,B ) plane, (Fig. 7 middle panel)

but had no influence on the motion in the out-of-plane direction, (Fig 7, right panel), where the motion was

unforced.
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Figure 7 Relative separations of the two satellites during the Phase 1 maneuver. The initial conditions and
values of the differential accelerations are given in the text. The square symbol marks the starting point of the
maneuver, and the circle symbol marks the location where the sign of the differential drag acceleration was
reversed.

The Phase 2 controller described above was then executed. This controller does not use differential drag, and instead
relies on differential lift. The maneuver begins at the square symbol in Fig. 8 (left panel) by applying a positive
differential lift (i.e. in the x direction) for 1094.09 seconds. The sign of the acceleration is reversed, (circle symbol

in figure) and then held constant for 1592.51 seconds. Finally, the sign of the acceleration is reversed (star symbol in

figure) and held steady for 498.42 seconds. This marks the end of the Phase 2 maneuver, where the relative



separation in the (a , B ) plane has been eliminated. The Phase 2 maneuver, using differential lift only, required a

total of 3185.02 seconds. Since X and y were zeroed out in Phase 1, the relative separation will remain zero since

no differential drag was applied, as described in Egs. (9a) and (9b). As in Phase 1, the motion in the out-of-plane

direction was unforced.

The performance of the differential lift-only maneuvers for Phase 2 can be compared to the case where
differential drag was used for control. Employing the same sequence of maneuvers as described in [15], the drag-
only maneuver would require 5194.45 seconds, more than half of which is due to coasting. Thus, in this particular
example the lift-only maneuver was completed in 60% of the time it would have taken using the drag-only
maneuver. This is an example of the benefit of using differential lift for executing in-plane maneuvers. In some
cases, the symmetric nature of the drag-only maneuvers requires an excessive coast period. Since the in-plane
differential lift maneuver described above does not require a coast period, faster maneuver times can be obtained in

some instances.
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Figure 8. Relative separations of the two satellites during the Phase 2 maneuver. The square symbol marks
the starting point of the maneuver, the circle symbol marks the location where the differential lift
acceleration sign was switched, and the star symbol marks the point at which the sign of the differential lift
acceleration was reversed for the last time.

Finally, once Phases 1 and 2 have been completed, the third and last phase can be executed, see Fig. 9. Using the
Phase 3 control law described above, the relative position and velocity in the out-of-plane direction can be zeroed
out. Taking and " obtained after the completion of phase 2 as the initial conditions for phase 3, a coast period is
executed for 1159.26 seconds. At this point, a negative differential lift acceleration is applied in the out-of-plane
direction for 3247.71 seconds, which is then reversed and held constant for the same period of time. At this point the

relative velocity in the out-of-plane direction is zero, and the step 4 from the Phase 3 algorithm is executed. This



particular example required 7 iterations. The total time required for the phase 3 maneuver is 26877.71 seconds, or

0.31 days.
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Figure 9. Maneuver sequence example for out-of-plane maneuver. The solid square symbol marks the
starting point of the maneuver (i.e. step 1 in phase 3 algorithm). The solid circle symbol marks the beginning
of step 2, and the star symbol marks the beginning of step 3. The end of the step 3 is marked with the left-
most open square symbol, which coincides with the beginning of the iterative sequence (step 4). The open
circle symbols indicate when the sign of the differential lift acceleration was changed from negative to
positive, and the open square symbols indicate the opposite case.

V. Conclusion

Differential aerodynamic lift was introduced as a way to extend control over the in-plane and out-of-plane motions
of a pair of small satellites. Used together with differential drag, this control technique allows the relative dynamics
of two LEO satellites to be completely controlled using only aerodynamic forces. This is an important result because
controlling the out-of-pane motion is not possible using differential drag, and would have required the use of a
rocket engine. An important caveat in this work is the value of the coefficient of lift. In the past, the effect of
aerodynamic lift on satellite orbits was assumed to be negligible and was ignored when considering formation flying
maneuvers. Moreover, lift tends to cancel out for a variety of conditions related to the satellite’s motion and
geometry, making it difficult to find cases where the effect of lift is present. However, by maintaining a fixed
orientation for extended periods of time, it is possible to have the effects of aecrodynamic lift essentially build up
over time and generate measurable effects on the satellite orbit. Section II discussed a physics-based approach for
computing the coefficient of lift which indicates non-negligible lift at LEO altitudes, with lift-to-drag ratios of
approximately 10-20% for a flat plate with an angle of attack of 45 degrees at 350 km, with increasing values at

higher altitudes. While not as strong an affect as differential drag, differential lift in many cases offers modest



benefits for controlling the relative motion of two satellites in the plane of orbital motion. In particular, using
aerodynamic lift is especially well-suited for small-scale maneuvering, e.g. formation keeping, due to the potential
for continuous maneuvering (i.e. no coasting time). An additional benefit of using differential lift for performing
these sorts of maneuvers is the reduction in the drag experienced by the satellites during the maneuver sequence.
When executing a differential lift maneuver, the satellites are commanded to adopt similar drag but different lift
profiles. Using the techniques outlined in section 2, this results in a reduction in the effect of drag by approximately
30 percent. This reduction in the effect of drag, coupled with the decrease in the maneuver time leads to a reduction

in the altitude loss experienced by the satellites.
The authors wish to point out that the different nature of lift-only trajectories in ()T , y) and (Ot , /3) planes

make lift-based maneuvering well-suited for complementing drag-based maneuvers. Instead of relying on a purely
drag-based or lift-based maneuver sequence, a maneuver sequence composed of a combination of lift and drag based
accelerations offers the potential of improving the performance over what can be achieved using either mode alone.
Finally, given the rather small number of studies on aerodynamic lift at orbital altitudes, a dedicated study of the
effect would be beneficial and would help determine the utility of using lift for performing maneuvers. In particular,
this method has great value for the studies of atmospheric effects on satellites. There has only been a very limited
amount of satellite data that can be used to deduce accommodation coefficient, and only with poor time resolution
(i.e. orbit- or daily-averages at best). Due to the sensitivity of C/Cp to accommodation, a satellite mission of this
type has the potential to separate the effects of variations of accommodation from those of atmospheric density,
making it possible to elucidate the effects of surface-atmosphere interactions. This has the potential to improve

satellite tracking and orbit prediction models substantially.
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